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Abstract 22 
Biomarker, palaeontological and isotopic evidence suggests that the Late Permian carbonate 23 
seas, i.e. the Northern (NPB) and Southern (SPB) Permian basins of northern Pangea, were 24 
characterized by significant spatial and temporal variations in the palaeowater-column redox 25 
state. This is particularly the case with regards to the deposition of the Lopingian Zechstein 26 
cycle 2 carbonate rocks. A shelf to basin reconstruction of environmental conditions was 27 
achieved by analysing nearly 400 core samples from 49 wells. This allowed an evaluation of 28 
the spatial variations in facies and broad oceanographic conditions at the basin scale. 29 
Specifically, in the lower slope and shallow-basin facies of the northern margin of the SPB 30 
(present-day northern Poland and eastern Germany), highly variable concentrations of the 31 
green sulphur bacterial biomarkers chlorobactane and isorenieratane (and their likely 32 
degradation products, C15 to C31 2,3,6-aryl isoprenoids, indicative of photic zone euxinia) and 33 
homohopane indices (indicative of anoxia), combined with the presence of a benthic fauna 34 
and bioturbation, indicate a variable but occasionally anoxic/euxinic water column. Locally 35 
in lagoonal facies in the northern and southern margin of the SPB, euxinic conditions also 36 
developed but these were likely associated with localised conditions or benthic production in 37 
association with microbialites. The presence of gammacerane in the eastern SPB (south-38 
eastern Germany and eastern Poland) suggests elevated salinities there, compatible with the 39 
restricted configuration of the basin. However, a lack of these signatures in basinal settings of 40 
the eastern SPB indicates that strongly reducing conditions were restricted to the lower slope 41 
and shallow-basin locations and restricted lagoons, and were not developed in the basin 42 
centre. Moreover, this anoxia/euxinia in marginal settings is restricted to the north-eastern 43 
part of the SPB. The south-eastern part of the SPB (SE Poland), in contrast, is devoid of 44 
evidence for PZE. The southern margin of the SPB is also characterized by generally oxic-45 
3 
 
suboxic conditions, with local anoxia limited to more restricted embayments, and elevated 46 
salinities limited to restricted oxic-anoxic lagoons. In the western SPB (NE England and 47 
adjacent offshore) and the NPB (Outer Moray Firth, offshore Scotland) the water columns 48 
were oxic-suboxic. Overall, it appears that high but episodic primary bioproductivity of 49 
organic matter was concentrated on (or even limited to) the lower slopes of the SPB’s north-50 
eastern margin and the restricted lagoons and shallow basin of its southern margin, leading to 51 
the formation of source rocks for petroleum in these areas. In addition, the temporal and 52 
geographical restriction of anoxia appears to have prevented the accumulation of large and 53 
more widespread quantities of organic matter; in fact TOC contents exhibit a poor correlation 54 
with ecological and anoxia indicators. Crucially, this work confirms that the strong evidence 55 
for PZE observed in shelf and lower slope/shallow-basin facies of the north-eastern SPB need 56 
not be associated with widespread, basin-scale anoxia; this conclusion has implications for 57 
organic matter burial, carbon cycling and biotic crises during other times in Earth history.   58 
 59 
Keywords: nearshore euxinia, anoxia, lipid biomarkers, organic matter, carbonate rocks, 60 
Zechstein, Late Permian 61 
 62 
1. Introduction 63 
The geographical distribution of O2 in the marine water column is governed by a wide 64 
range of controls, including climate, nutrient supply, molecular diffusion, photosynthesis, 65 
respiration, global ocean circulation, localised upwelling and downwelling processes, and the 66 
configuration of the basin (e.g., Canfield et al., 2005). These govern O2 content and organic 67 
4 
 
matter (OM) burial via their impact on bioproductivity, the biological pump, sediment 68 
deposition, and deep water ventilation (Ducklow and Steinberg, 2001; Hain et al., 2014).  69 
Processes other than anoxia and productivity which have been invoked to modulate the 70 
preservation potential of OM include sedimentation rate (Müller and Suess, 1979; Henrichs, 71 
1992), grain size (Bergamaschi et al., 1997), mineral adsorption (Mayer, 1994), and 72 
anaerobic respiration. The last might be as effective in OM recycling as oxic metabolic 73 
pathways (Canfield, 1994). 74 
The relative influence of factors controlling O2 distribution and OM burial has been 75 
widely debated (e.g., Sarmiento et al., 1988; Pedersen and Calvert, 1990; Canfield, 1994; 76 
Hedges and Keil, 1995; Mayer, 1995; Tyson, 1995; Kenig et al., 2004; Kuypers et al., 2004a; 77 
Jenkyns, 2010), but today water column anoxia is largely restricted to oxygen minimum 78 
zones which form beneath areas of high productivity. Anoxia also occurs in chemically-79 
stratified epeiric basins, such as the modern Black Sea where euxinic conditions extend into 80 
the photic zone (Overmann et al., 1992; Repeta, 1993; Sinninghe Damsté et al., 1993). The 81 
Black Sea model has been directly invoked as an analogue for ancient euxinic basins (Arthur 82 
and Sageman, 1994), and it is implicitly invoked when observations of anoxia in marginal 83 
settings are extrapolated to infer basin-scale anoxia (Joachimski et al., 2001; Grice et al., 84 
2005). Although geochemical records of some Mesozoic oceanic anoxic events (OAEs) 85 
suggest that ocean anoxia does extend into deep basins (Sinninghe Damsté and Köster, 1998; 86 
Wagner et al., 2004; Pancost et al., 2002; van Breugel et al., 2006), recent work suggests that 87 
this was not necessarily associated with basin-scale stratification (Kuypers et al., 2002, 88 
2004a,b; Monteiro et al., 2012). Moreover, the evidence for anoxia in many ancient basins is 89 
interpreted as restricted to nearshore settings (e.g. Jenkyns, 1985, 1988; Wignall and Newton, 90 
2001). Crucially, some of these authors have invoked a counter-model to the Black Sea – the 91 
bath-tub ring model of deposition in which anoxia in stratified basins is largely restricted to 92 
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nearshore settings (Frakes and Bolton, 1984; Wignall and Newton, 2001). Both models are 93 
useful for extrapolating spatially limited geological data, especially in Palaeozoic settings, to 94 
infer larger-scale basinal characteristics. However, those respective interpretations have 95 
vastly different implications for understanding past environmental changes, biotic crises and 96 
source rock formation. 97 
Here, we explore these models using organic geochemical analyses of over 400 rocks 98 
from 49 boreholes, collected from the Southern and Northern Permian basins of northern 99 
Europe. The Late Permian is characterised by a greenhouse climate with a vast intra-100 
continental desert, an absence of polar ice-caps and average temperatures being more than 101 
15oC higher than today (Khiel and Shields, 2005; Roscher et al., 2011). Such climatic 102 
conditions, as well as the restricted character of tectonic depressions largely fed by seawater 103 
and their subtropical location, favoured the formation of carbonate and evaporite sediments in 104 
many epeiric seas in the northern hemisphere, including the Northern Permian (NPB) and 105 
Southern Permian (SPB) basins in NW Europe. However, although extensively studied, the 106 
controversy and speculation towards the overall biogeochemistry and organic matter (OM) 107 
productivity of the basins in Lopingian (Zechstein) time still remain. It has long been thought 108 
that the Zechstein water-column was salinity stratified with anoxic bottom waters 109 
(Brongersma-Sanders, 1971; Turner and Magaritz, 1986; Grotzinger and Knoll, 1995; Taylor, 110 
1998). Although it is well established that the initial transgressive lowermost Zechstein 111 
mudrock (Kupferschiefer, i.e., base of the first Zechstein cycle, Z1, Fig. 2) was deposited 112 
under such conditions with euxinia extending into the photic-zone (Oszczepalski, 1989; 113 
Schwark and Püttmann, 1990; Gibbison et al., 1995; Grice et al., 1996a,b, 1997; Pancost et 114 
al., 2002; Paul, 2006), the subsequent deposition of carbonate and evaporite sediments of the 115 
Z1 took place under varied oxic/suboxic to anoxic bottom-water conditions (Kluska et al., 116 
2013; Peryt et al., 2015; Słowakiewicz et al., 2015). This clearly shows that the 117 
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epicontinental Zechstein Sea experienced euxinia periodically in the Z1 cycle, but it remains 118 
unclear as to how extensive this was spatially and what governed the apparently pronounced 119 
temporal variations in this and the Z2 and Z3 cycles.   120 
Our previous shelf-to-basin reconstruction of environmental conditions in the Polish 121 
sector of the SPB in Europe has shown that euxinic conditions were present during the 122 
deposition of lower slope carbonate strata on the SPB northeast margin during deposition of 123 
the Zechstein second carbonate cycle (Ca2) (Słowakiewicz et al., 2015). However, initial data 124 
from the basinal facies suggested that the euxinic conditions did not develop there, but only 125 
in the nearshore environments, thus not on a basin-wide scale. This initial study, therefore, 126 
indicated that a restricted epeiric basin, i.e. a Black Sea analogue, is not appropriate to 127 
understand the SPB.  128 
To explore this further and to test whether the rest of the basin and other marginal 129 
settings were also oxygenated – despite the strong evidence for photic zone euxinia (PZE) in 130 
the north-eastern SPB (NW Poland) – we examined the Ca2 cycle further. Our new data 131 
include sediments deposited in the NPB and the western, southern and south-eastern parts of 132 
the SPB, allowing a detailed examination of spatial (both basin- and facies- scale) variations 133 
in organic matter source and depositional conditions. We have quantified derivatives of 134 
isorenieratene and chlorobactene, which are produced by the brown and green strains of 135 
photosynthetic anaerobic green sulphur bacteria (Chlorobiaceae), respectively, allowing us to 136 
assess the geographical occurrence of photic zone euxinia and assess models for basin 137 
oceanography and redox conditions. These data and interpretations are complemented by 138 
other biomarker signatures indicative of past redox and other environmental conditions 139 
(homohopane ratios, bisnorhopane and gammacerane abundances) and changes in OM source 140 
(hopane and sterane distributions). These, as well as palaeontological and carbon and oxygen 141 
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isotopic data, are used to infer the connectivity of the NPB and SPB to the global ocean and 142 
to refine further basin-scale interpretations of productivity and anoxia.   143 
 144 
2. Geological setting 145 
 Both the NPB and SPB were formed in the Late Carboniferous-Early Permian (Gast, 146 
1988) and were located in the arid subtropical belt of Northern Pangea (Henderson and Mei, 147 
2000; Legler and Schneider, 2008), at 15-20oN palaeolatitude, northwest of the Palaeo-Tethys 148 
Ocean, and south of the Boreal Sea (Fig. 1a). During the early Zechstein marine transgression 149 
(mid-latest Wuchiapingian, Szurlies, 2013), the subsiding basin was flooded with seawater 150 
from the Panthalassa Ocean entering through the Boreal Sea and a narrow strait between 151 
Greenland and Scandinavia, to form the vast epicontinental Zechstein Sea. The shallow sea 152 
(<350 m deep) is segmented into the NPB and SPB, partially separated by a series of 153 
Carboniferous palaeohighs, the Mid North Sea High and Ringkøbing-Fyn High (Fig. 1b). 154 
Both basins are of economic importance, containing a number of significant petroleum 155 
accumulations, mostly located in the SPB in what is today Germany, the Netherlands and 156 
Poland. The SPB comprises a series of connected sub-basins extending from eastern England 157 
across the North Sea into Poland and southern Lithuania, a distance of some 1700 km. Its 158 
width ranges from 300 to 600 km (Van Wees et al., 2000). The SPB had several narrow 159 
connections with adjacent basins (Sørensen and Martinsen, 1987) and possibly temporary 160 
connections with the Tethys domain to the southeast via the Polish-Dobrogea trough along a 161 
rift zone (Peryt and Peryt, 1977; Ziegler et al., 1997; Şengor and Atayman, 2009) and with 162 
small basins in the Inner Variscan domain (Kiersnowski et al., 1995) (Fig. 1). The sediments 163 
of the NPB were deposited in a smaller basin, located to the north of the Ringkøbing-Fyn 164 
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High, which was connected to the SPB via the Bamble and Glückstadt troughs and the 165 
Central and Horn grabens, among others (Stemmerik et al., 2000; Glennie et al., 2003).   166 
 The SPB was subject to periodic intense evaporation. Up to seven (Z1-Z7) evaporitic 167 
cycles have been recognized in different parts of the basins and the 2nd cycle carbonate (Ca2, 168 
ca. 254 Ma, Szurlies, 2013) is the most important hydrocarbon reservoir. Equivalents of the 169 
Ca2 are the Main Dolomite in Poland, Hauptdolomit in Germany (also Staβfurt Karbonat), 170 
the Netherlands and southern North Sea, the Roker Formation and Kirkham Abbey 171 
Formation in eastern England, and the Innes Carbonate offshore Scotland. Thin anhydrite and 172 
thick halite occur above (and below) the Ca2, creating a cap-rock for petroleum reservoirs 173 
(for lithostratigraphy see Słowakiewicz et al., 2015).   174 
3. Samples and lithology 175 
 The well-established facies model for the Ca2 in the SPB is comprised of a shallow-176 
water carbonate platform with interior peritidal flat – evaporitic sabkha, an extensive 177 
shallow-water lagoon and platform-margin oolite shoal and microbialites, passing basinwards 178 
through slope, toe-of-slope (lower slope), shallow basin, and basin-plain environments 179 
(Strohmenger et al., 1996, Słowakiewicz et al., 2013, 2015). The SPB was likely affected by 180 
locally and temporally punctuated freshwater pulses, resulting from strong summer 181 
monsoonal rains (Gąsiewicz, 2013 and references within).   182 
In addition to the 150 borehole and well samples studied and reported in Słowakiewicz et 183 
al. (2015), we have collected and analysed another 264 samples, collectively comprising all 184 
the main Ca2 facies from the English, German and Polish parts of the NPB and SPB (Fig. 1b). 185 
Specifically, they were taken from basinal (well Florentyna IG-2), outer shelf and upper slope 186 
(well A, Bates Colliery B2 and B8), middle slope (wells: E, Vane Tempest VT-11), lower 187 
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slope (wells B, C, Gomunice-10, Gorzów Wielkopolski-2, Lockton-2a and -7, Egton High 188 
Moor-1), oolite shoal (wells: D, F), and lagoonal lithofacies (wells: G, H, I, J, Malton-1 and -189 
4, Miłów-1, Ettrick 20/2-2, Offshore Borehole-1). In addition, published geochemical data 190 
from Aue 1 slope lithofacies (Hofmann and Leythaeuser, 1995), Dachwig 1/70 and 2/71, Jena 191 
106/62, Tennstedt 1/69 lagoonal lithofacies, Eckartsberga 1/68 and 2/68, Mellingen 1/70 192 
slope lithofacies, Strauβfurt 8/70 slope/oolite shoal lithofacies, Sprötau 4/69 basin facies 193 
(Slach, 1993), and Sprötau Z1 slope lithofacies (Schwark et al., 1998) are utilised. Selected 194 
wells and their facies are presented in Figure 2 and 3. 195 
4. Methods 196 
4.1. Carbon and oxygen stable isotopes 197 
100-200 µg of powdered carbonate were placed into 4 ml glass vials, and then sealed by a 198 
lid and pierceable septum. The vials were placed in a heated sample rack (90oC) where the 199 
vial head space was replaced by pure helium via an automated needle system as part of an 200 
Isoprime Multiflow preparation system. Samples were then manually injected with 201 
approximately 200 µl of phosphoric acid and left to react for at least 1.5 hrs before the 202 
headspace gas was sampled by automated needle and introduced into a continuous-flow 203 
Isoprime mass-spectrometer. Duplicate samples were extracted from each vial, and a mean 204 
value obtained for both δ13C and δ18O. Samples were calibrated using IAEA standards NBS-205 
18 and NBS-19, and reported as ‰ on the VPDB scale. Reproducibility within runs was 0.09 206 
‰ δ18O and 0.05 ‰ δ13C.  207 
4.2. Total organic carbon (TOC) contents 208 
Two hundred and sixty four total carbon (± 0.2%) contents were obtained from the 209 
powdered samples using EuroVector EA3000 and LECO Elemental Analysers. Total 210 
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inorganic carbon was determined (± 0.1 %) as carbonate using a CO2 coulometer (a modified 211 
Ströhlein Coulomat 702 Analyser). Total organic carbon (TOC) contents were calculated as 212 
the difference between total carbon and total inorganic carbon. 213 
 214 
4.3. Sample extraction and fractionation 215 
Two hundred and sixty four powdered (20 g) core samples were extracted using a Soxhlet 216 
apparatus with 200-mL dichloromethane:methanol (9:1, vol./vol.) for 24 hr; copper was 217 
added to the round-bottom flask to remove elemental sulphur. Aliquots of total lipid extract 218 
were separated into apolar, aromatic and polar fractions using a column with activated silica 219 
gel (230–400 mesh; 4 cm bottom). Elution proceeded with 3 mL of hexane (saturated 220 
fraction), 3 mL of hexane:dichloromethane (3:1, vol/vol; aromatic fraction), and 5 mL of 221 
methanol (polar fraction). Among the lipids extracted from the analysed samples only 222 
compounds detected in saturated and aromatic fractions are reported here. Polar compounds 223 
were not detected in samples from basinal facies.  224 
 225 
4.4. Gas chromatography-mass spectrometry (GC-MS) 226 
Aliquots (1 mL) of each fraction were analysed by gas chromatography (GC) using a 227 
Hewlett Packard 5890 Series II instrument, fitted with an on-column injector and a capillary 228 
column with a CP Sil5-CB stationary phase (60 m × 0.32 mm; df = 0.10 µm). Detection was 229 
achieved with flame ionization, with helium as the carrier gas. The temperature program 230 
consisted of three stages: 70°–130°C at 20°C per minute; 130°–300°C at 4°C per minute; and 231 
300°C at which the temperature was held for 10 min. Gas chromatography–mass 232 
spectrometry analyses were performed using a ThermoQuest Finnigan Trace GC–mass 233 
spectrometer fitted with an on-column injector and using the same column and temperature 234 
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program as for GC analyses. The detection was based on electron ionization (source at 70 eV; 235 
scanning range, 50–580 Da), and compounds were identified by comparison of retention 236 
times and mass spectra to the literature. Individual compounds were identified and quantified 237 
relative to internal standards (octatriacontane).  238 
 239 
5. Results  240 
5.1. Total organic carbon content and thermal maturity 241 
The compilation of TOC contents from this and numerous previous studies (e.g., Schwark 242 
et al., 1998; Hindenberg, 1999; Hammes et al., 2013; Gąsiewicz, 2013; Słowakiewicz et al., 243 
2013, 2015) allows us to evaluate carbon burial on a basin scale. Briefly, the TOC contents of 244 
the northern margin of the SPB are low in lagoonal facies (0-0.9%, average, 0.2%), in upper 245 
slope facies (0-1.1%, average 0.2%), in oolite shoal and basinal facies (0-0.2%, average 246 
0.1%; 0.1-1.2%, average 0.2%); they are higher in shallow-basin facies (0-1.9%, average 247 
1.3%), and lower slope facies (0-2.1%, average 0.7%). The TOC distribution in the southern 248 
margin facies of the SPB is also variable. Specifically, the TOC contents in lower slope facies 249 
of the south-eastern SPB (SE Poland) are 0.3-2.2 wt.% (average 1.2%), whereas TOC 250 
contents in lagoonal and lower slope facies located farther westward (SE Germany) are 251 
higher (0.06-8.3%, average 1.5% and 0-2.1%, average 0.5%, respectively), and the lowest 252 
TOC content is in the oolite shoal facies (0.1-0.46%, average 0.3%). The TOC contents are 253 
considerably lower in the western SPB (NE England, lagoonal facies 0-0.2%, average 0.1%; 254 
middle slope facies 0-0.86%, average 0.2%), lower slope facies (0.0.2 %, average 0.1%) and 255 
NPB (Ettrick) (lagoonal facies 0-1.2%, average 0.3%).  256 
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The thermal maturity of north-eastern SPB (NW Poland) rocks was previously discussed 257 
in Słowakiewicz et al. (2015), whereas those from other parts of the basin have been 258 
published earlier (e.g. Schwark et al., 1998; Hindenberg, 1999; Kosakowski and Krajewski, 259 
2014, 2015, and this study). Values obtained from vitrinite reflectance, Rock-Eval and 260 
biomarkers are broadly similar across the various parts of the SPB and NPB but generally 261 
they increase from marginal to basinal settings, although they may differ regionally according 262 
to the burial depth (e.g. Schwark et al., 1998; Hindenberg, 1999; Hartwig and Schulz, 2010; 263 
Pletsch et al., 2010; Kosakowski and Krajewski, 2014, and this study). Briefly, OM deposited 264 
in peritidal facies is immature (Ro <0.6); in the ooid shoal, lagoonal and shallow basin zones 265 
it appears to be early mature (Ro 0.6-0.8); in the upper slope and lower slope facies, it is 266 
generally mature (Ro 0.8-1.0), and in basinal zones it is of variable maturity (Ro >0.9). In 267 
addition, maturity of OM is lower in the north-eastern SPB than in the south-eastern SPB 268 
which could be an effect of the regional heat flow (higher in the SE SPB than in the NE SPB) 269 
(Zielinski et al., 2012).   270 
 271 
5.2. Indicators of redox change and depositional environment 272 
A suite of biomarkers was used to assess changes in water column redox potential in the 273 
NPB and SPB including the homohopane index (HHI), and the concentration of 274 
isorenieratene and chlorobactene derivatives, 28,30-bisnorhopane (BNH), and gammacerane 275 
(Table 1). Many of these parameters can also be influenced by diagenesis, source input, and 276 
thermal maturity, and these additional factors are considered in the subsequent discussion. 277 
Additional evidence for redox conditions is provided by foraminifera assemblages (Fig. 4) 278 
found in the lower slope facies.  279 
13 
 
The HHI ratio is a qualitative recorder of ancient depositional redox conditions. The C35 280 
HHI records the degree of preservation of the extended side-chain of C35 hopanes derived 281 
from intact bacteriohopanepolyols (Köster et al., 1997), with high relative abundances of C35 282 
homohopanes commonly associated with marine carbonate and evaporite strata (Boon et al., 283 
1983; Connan et al., 1986; Fu et al., 1986; ten Haven et al., 1988; Mello et al., 1988a,b; Clark 284 
and Philp, 1989) but also with the presence of reduced sulphur species (e.g., H2S and 285 
polysulphides) in the water column (ten Haven et al., 1988; Sinninghe Damsté et al., 1995a). 286 
Unusually high concentrations of pentakishomohopanes were observed in Ca2 sediments in 287 
the lower slope facies (well A) of the north-eastern (NE Germany) margin of the SPB, which 288 
are consistent with similar high concentrations of C35 homohopanes as previously reported 289 
from the shallow basin and lower slope facies of NW Poland (NE margin of the SPB; 290 
Słowakiewicz et al., 2015) but also in hypersaline lagoonal facies of the western SPB (Table 291 
1, Fig. 5).  292 
In the north-eastern SPB, the lowest HHIs occur in the ooid shoal <0.1 and basinal <0.1 293 
facies; these suggest an oxic and/or suboxic depositional environment (Fig. 6). Variable HHIs 294 
occur in the restricted lagoonal facies (HHI = 0.03-0.4), and very high HHIs occur in the 295 
shallow basin (HHI = 0.16-0.48) and lower slope (HHI = 0.05-0.49) facies, indicating an 296 
anoxic depositional environment (Fig. 6). In contrast, the southern and western margins of the 297 
SPB are characterized by more variable but low HHIs (Fig. 6): in the south-east SPB, HHIs in 298 
lower slope facies (well Gomunice-10, SE Poland) are 0.08-0.19 and decrease westward to 299 
Germany (0.08-0.09), and in the western SPB (NE England) they are 0-0.25. However, in the 300 
lagoonal facies, HHIs can be higher and are particularly variable (0.03-0.63 in S Germany 301 
and 0.04-0.28 in the western SPB) (Fig. 6). In the NPB (Ettrick), the HHIs (0-0.07) are very 302 
low.   303 
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Biomarkers for anaerobic phototrophic green sulphur bacteria provide strong constraints 304 
on the water column redox state (Summons and Powell, 1986). Isorenieratane, β-305 
isorenieratane, C15 to C31 2,3,6-aryl isoprenoids, and chlorobactane have all been found in the 306 
shallow basin and lower slope facies of the north-eastern margin of the SPB in Poland 307 
(Słowakiewicz et al., 2015), and locally in lagoons/oolite shoals of the southern SPB (SW 308 
Poland) margin (Miłów-1, depth 2004-2008 m) and lagoons of the north-eastern SPB (NW 309 
Poland) margin (KP-Z4, depth 2372-2391 m) (Fig. 6a). Variable concentrations of 310 
isorenieratane and chlorobactane (0.8 to 110 ng/g rock and 0 to 24 ng/g rock, respectively) in 311 
the NE margin shallow basin and lower slope sections have been interpreted as short-term 312 
variations during deposition of Ca2 strata (Słowakiewicz et al., 2015). Isorenieratene 313 
derivatives have also been found in the northern margin of the SPB in NE Germany (well A). 314 
Crucially, however, they have not been detected in the southern or western SPB or the NPB 315 
sediments examined here. 316 
28,30-bisnorhopane (BNH) is a desmethylhopane of unknown origin but it is generally 317 
regarded as indicative of anoxic to euxinic conditions in the water column (e.g. Curiale et al., 318 
1985; Mello et al., 1990; Peters et al., 2005). BNH was detected in the lowermost lower slope 319 
and shallow basin facies in the Ca2 on the northern margin of the eastern SPB (Słowakiewicz 320 
et al., 2015). The presence of BNH provides additional evidence that organic matter in these 321 
sedimentary settings was deposited under anoxic conditions. It was not detected in the other 322 
settings. 323 
Although the origin of gammacerane is uncertain (Peters et al., 2005), it appears to be a 324 
diagenetic product of tetrahymanol (gammaceran-3β-ol), a lipid that replaces steroids in 325 
ciliates feeding on bacteria at the interface between oxic and anoxic zones in stratified water 326 
columns in marine and freshwater systems (ten Haven et al., 1989; Sinninghe Damsté et al., 327 
1995b). Gammacerane, expressed as the gammacerane index = gammacerane/(gammacerane 328 
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+ 17α,21β C30 hopane), was detected in the Ca2 samples from the Polish and northern and 329 
southern German part of the SPB, and in three wells (Vane Tempest VT-11, Bates Colliery 330 
B2 and Offshore Borehole-1) from the western SPB, but it was not detected in the NPB. The 331 
mean gammacerane indices are typically highest in the lagoonal facies (mean 0.19-0.5, range 332 
0.1-0.6), high in the outer shelf, lower slope (mean 0.14-0.35, range 0.07-1) and shallow 333 
basin (mean 0.2-0.4, 0.1-0.5) facies, and not detected in the basinal facies (Fig. 6, Table 1). 334 
High gammacerane indices in the oolite (1-1.3) facies are likely due to the contact with 335 
lagoons. Due to the limited data and the relatively wide range of values that overlap among 336 
settings, gammacerane indices should be interpreted with caution. Nonetheless, on the 337 
northeast margin of the SPB, gammacerane indices are highest in the lowermost part of the 338 
lower slope and shallow basin sections, paralleling trends in BNH concentration 339 
(Słowakiewicz et al., 2015). The decoupling between high gammacerane indices and other 340 
indicators of anoxia (both temporally and among different facies) has been interpreted as 341 
recording hypersalinity and stratification rather than strictly water column redox state 342 
(Słowakiewicz et al., 2015). This would explain the high indices observed in the putatively 343 
hypersaline lagoons (NW Poland) as well as the high values in the oldest lower slope and 344 
shallow basin sediments, likely recording marine hypersalinity during the early stages of the 345 
Ca2 transgression.  346 
5.3. Biomarker indicators of organic matter source 347 
Compounds and compound classes can be associated with a particular biological source, 348 
such that molecular distributions can be informative about changes in the structure of the 349 
algal and microbial community. To track OM sources we examined the C23 tricyclic and C24 350 
tetracyclic terpane to C30 hopane ratios, various sterane and hopane ratios, and the occurrence 351 
of squalane (Table 1). 352 
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 353 
5.3.1. Terpanes 354 
Organic matter inputs can be tentatively assessed from abundances of tricyclic and 355 
tetracyclic terpanes as well as the C23 tricyclic terpane/hopane (C23/H) and C24 tetracyclic 356 
terpane/hopane (C24/H) ratios; given their putative higher plant origin, they have been used as 357 
proxies for terrigenous OM inputs (Trendel et al., 1982; Aquino Neto et al., 1983; Connan et 358 
al., 1986; Noble et al., 1986). However, the source of these compounds remains elusive, and 359 
elevated concentrations of C24 tetracyclic terpane relative to tricyclic terpanes occur in 360 
carbonate and evaporite settings suggesting alternative origins (e.g., Connan et al., 1986; 361 
Clark and Philp, 1989; Peters et al., 2008). Moreover, the C23/H ratio is strongly maturity 362 
dependent (Farrimond et al., 1999). Terpenoid ratios are significantly higher in the NPB 363 
(C23/H = 0.05-1.46, C24/H = 0.03-0.8) and western SPB (C23/H = 0.01-4.66, C24/H = 0.02-364 
1.28), than in the northern (C23/H = 0.01-0.46, C24/H = 0.01-0.72) and southern (C23/H = 365 
0.06-0.25, C24/H = 0.06-0.41) margins of the SPB (Fig. 6, Table 1). This could reflect 366 
relatively greater terrestrial OM inputs to the western SPB, but the aforementioned caveats 367 
dictate caution. Elemental evidence, although limited, is consistent with a greater proportion 368 
of terrigenous inputs (Gąsiewicz, 2013). Similarly, as noted in Słowakiewicz et al. (2015) and 369 
in this study, ratios are higher in basinal settings in the north-eastern SPB (C23/H = 0.14-1.95, 370 
C24/H = 0.23-1) than in comparative platform settings (Fig. 6, Table 1), which could be 371 
consistent with shelf bypass and selective preservation of terrestrial OM in the former.  372 
5.3.2. Steranes 373 
Steranes are saturated tetracyclic compounds derived during early diagenesis from, 374 
typically, C27 to C30 sterols produced by eukaryotes. In some cases, the C27/C29 ratio can be 375 
used to indicate the relative inputs of algae relative to higher plants based on the dominance 376 
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of C29 steroids in the latter (Huang and Meinshein, 1979); however, many algae also 377 
synthesize C29 sterols (Volkman, 1986; Volkman et al., 1998; Kodner et al., 2008) and the 378 
high C29 abundances could be indicative of green algal blooms (Kodner et al., 2008). The OM 379 
of the Ca2 includes abundant C27-C29 4-desmethyl steranes, but distributions vary markedly, 380 
both temporally and spatially, reflected in C27/C29 ratios (Fig. 6, Table 1). The C27/C29 sterane 381 
ratio is highest in lagoonal, oolite shoal and lower slope facies and lowest in shallow basin 382 
and basinal facies of the Ca2. It is also higher in the NPB (0.68-1.18) and western SPB (0.41-383 
4.11), than in the northern (0.27-1.31) and southern (0.31-2.25) SPB (Fig. 6, Table 1), 384 
although Słowakiewicz et al. (2015) reported its profound temporal variability in the north-385 
eastern SPB during Ca2, distinguishing five cycles. A decoupling between C27/C29 sterane 386 
ratios and C23/H and C24/H ratios suggests that low values are recording green algal inputs, 387 
especially in the northern SPB, rather than simply higher terrigenous inputs characteristic of 388 
the SPB basinal facies (Florentyna IG-2, Fig. 7).  389 
The C28/C29 sterane ratios in Ca2 strata (Fig. 6, Table 1) are slightly higher in the NPB 390 
(0.62-0.79) and western SPB (0.43-1.44) than in the eastern (0.27-0.94) and southern (0.26-391 
0.84) SPB, and are generally higher (average 0.56) than the range given by Schwark and 392 
Empt (2006) for Devonian to Triassic rocks (~0.55). Building on the work of Grantham and 393 
Wakefield (1988), these workers showed a progressive increase in the C28/C29 sterane ratio 394 
through geological time and attributed it to progressive evolution of algal communities 395 
through the Phanerozoic, possibly the replacement of more primitive C29 sterane-producing 396 
green-algal groups with more recent C28 sterane-producing red algae (Brocks and Banfield, 397 
2009). Before the Mesozoic, however, C28 steranes were also likely derived from green algae, 398 
particularly prasinophytes (Kodner et al., 2008), and basin-scale trends in these ratios are 399 
harder to interpret. Others have argued (Tappan, 1980; Schwark and Empt, 2006) that high 400 
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C28/C29 sterane ratios could be indicative of more restricted basins; however, that 401 
interpretation is inconsistent with our observations that more restricted and reducing 402 
conditions dominated in the east. As such, it is unclear what these ratios reflect, but we 403 
attribute their variability to basin-scale differences in algal ecology.   404 
5.3.3. Squalane 405 
Squalane, an archaeal biomarker and a C30 regular isoprenoid, has been detected in 406 
evaporitic environments, with haloarchaea and methanogenic archaea invoked as its source 407 
(Brassell et al., 1981; ten Haven et al., 1988; Vella and Holzer, 1992; Grice et al., 1998; 408 
Kluska et al., 2013). However, it could also be a diagenetic product of squalene which occurs 409 
in many organisms. Squalane was detected in Ca2 transgressive stromatolites of Offshore 410 
Borehole-1 (Fig. 5); the microorganisms forming those structures likely used Hartlepool 411 
Anhydrite (A1) sulphates of the Zechstein first cycle (Z1) as a substrate, such that the 412 
presence of squalane is partially related to a local evaporitic environment.  413 
6. Discussion 414 
6.1. Sources of OM and implications for productivity  415 
Algal-, bacterial- and terrestrial- derived biomarker distributions confirm the variety of 416 
OM sources in both the SPB and NPB basins. Specifically, OM in the western SPB could 417 
have significant terrestrial component which is proportionally higher than in the NPB and 418 
southern and northern-eastern SPB. This is suggested by high terpenoid ratios (average C23/H 419 
= 1.85, C24/H = 0.53), but also supported fossilized plants in Ca2 deposits (Schweitzer, 1986; 420 
Uhl, 2004). Consistent with Słowakiewicz et al. (2015), basin sediments also appear to be 421 
dominated by a greater proportion of terrestrial relative to marine organic matter (Florentyna 422 
IG-2, Piła IG-1, Figs 6,7), which we have argued is mostly due to enhanced preservation of 423 
terrestrial relative to marine OM under oxidising conditions (Słowakiewicz et al., 2015). OM 424 
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in the southern and northern margins of the SPB is predominantly represented by an algal-425 
bacterial type of OM, although co-occuring with significant terrestrial (liptinite) OM 426 
component (black laminae in lower slope facies, Fig. 8a-b). A bacterial and algal 427 
(lamalginite) component of OM is likely important in various intertidal microbialites in more 428 
restricted and hypersaline lagoons of the SPB (Fig. 8c-e).   429 
OM sources in the Ca2 SPB sections are also characterised by profound temporal 430 
variability expressed by C27/C29 and C28/C29 sterane ratios in the lagoonal and lower slope 431 
facies (Fig. 7). Słowakiewicz et al. (2015) observed similar dramatic variations in C27/C29 432 
(short-term five cycles) and C28/C29 sterane ratios in the lower slope facies, which were 433 
interpreted as recording changes in the algal assemblage rather than marine vs. terrestrial 434 
inputs; although our basin-scale data is not of comparable resolution, it also reveals 435 
pronounced temporal variability. We suggest that these variations are the result of orbital 436 
forcing (Słowakiewicz et al., 2015), which amongst other things can control the productivity 437 
of organic carbon, as has been demonstrated for the Jurassic Kimmeridge Clay Formation 438 
(Weedon et al., 2004), Mesozoic oceanic anoxic events (e.g. Hofmann et al., 2003; Kuypers 439 
et al., 2004a,b; Li et al., 2008; Blumenberg and Wiese, 2012), and the Pliocene–Pleistocene 440 
sapropels in the Mediterranean area (Lourens et al., 1996; Roveri and Taviani, 2003). Orbital 441 
forcing likely brought about changes in nutrient inputs causing changes in algal ecology as 442 
expressed by C27/C29 and C28/C29 sterane ratios and increased productivity in the eastern SPB. 443 
Similar variations have also been observed in isorenieratane and chlorobactane 444 
concentrations, reflecting periodic expansion of PZE driven by increased productivity 445 
(Słowakiewicz et al., 2015).  446 
Sterane distributions also suggest basin-scale variations in algal assemblages. High 447 
C27/C29 sterane ratios in the western SPB suggest that marine productivity there was partially 448 
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governed by green algal blooms. However, C28/C29 sterane ratios are also high in the eastern 449 
SPB and that is difficult to interpret. Nonetheless, it is likely that the strong spatial and 450 
temporal variations of algal assemblages in the SPB were dictated by environmental 451 
conditions some of which may have been controlled by orbital forcing.  452 
Therefore, OM accumulation in the SPB is governed by a complex range of controls such 453 
as sedimentation rate, grain-size, anaerobic respiration, productivity and oxic/anoxic cycles, 454 
giving rise to highly spatially and temporally heterogeneous TOC contents. TOC contents are 455 
the highest in oxic-anoxic restricted lagoons of the southern SPB. They are moderately high 456 
on the euxinic northern and oxygen-depleted south-east corner of the SPB – but even in these 457 
areas, TOC contents are highly variable. Temporal variability of redox conditions is also 458 
evidenced from the presence of a benthic fauna and bioturbation, indicating that oxia-anoxia 459 
fluctuated throughout deposition of the Ca2 sediments. Certainly, and as described in the next 460 
section, a simple model of basin-scale stratification, anoxia and OM accumulation is 461 
inappropriate. 462 
 463 
6.2. Distribution of anoxia  464 
Using a GENIE Earth system model, Meyer et al. (2008) demonstrated that Late Permian 465 
seas and oceans varied significantly in their biogeochemistry. The upper portion of the world-466 
spanning Panthalassa water column remained well oxygenated with dysoxic (0.2 – 2.0 ml O2 467 
L-1) bottom waters, whereas the Palaeo-Tethys Ocean was largely sulphidic, and the Neo-468 
Tethys Ocean and the Boreal Sea had oxic waters. Questions, however, have arisen as to 469 
whether the Boreal Sea was truly oxic. For example, biomarker (Hays et al., 2012), δ114/110Cd 470 
(Georgiev et al., 2015), and framboidal pyrite data (Nielsen and Shen, 2004) strongly suggest 471 
a sulphidic or at least partly sulphidic water column in the Boreal Sea, which was connected 472 
with the NPB of Europe. The contradictory results confirm that partially restricted basins can 473 
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be difficult to model and that sedimentological and geochemical tools are essential to 474 
reconstruct their biogeochemical conditions.   475 
Similarly, contradictory sedimentary, fossil and geochemical data suggest that deposition 476 
in the SPB during Ca2 was also complex. As noted above, in some slope facies biomarkers 477 
for GSB and high HHIs indicate anoxic conditions that occasionally extended into the photic 478 
zone. However, fragments of thin-shelled bivalves, ostracods, calcispheres, nodosarid 479 
foraminifera, millimetre-scale burrows (Słowakiewicz et al., 2015), and rare bryozoans (Hara 480 
et al., 2009), also occur in the Ca2 lagoonal and slope facies. Specifically, nodosarid 481 
foraminifera seem to be most common within lower slope facies (wells: B and WK-8; Fig. 4) 482 
of the SPB northern margin, but Ammodiscus, Glomospira, Calcitornella, Lingulina, 483 
Lunucamina, and Tolypammina foraminifera have also been reported from the Ca2 facies 484 
(Peryt and Woszczyńska, 2001). The nodosarid foraminifera found in the slope facies are a 485 
benthic foraminifera likely to have been tolerant of suboxic (0.3-1.6 mL/L O2) conditions 486 
(Kaiho, 1994) but probably not anoxic conditions. In total, the combination of biomarker and 487 
benthic faunal proxies indicates that on the northern margin of the SPB, organic matter in the 488 
lower slope and shallow-basin facies was deposited under fluctuating but frequently anoxic 489 
conditions; moreover isorenieratane and chlorobactane indicate that euxinia extended into the 490 
photic zone of the water column, at least from well Czarne-2 in the east to well A in the 491 
western part of the northern margin (Fig. 9).   492 
However, our new data expands on and confirms the observation of Słowakiewicz et al. 493 
(2015) that this intermittent water column anoxia was limited to the north-eastern platform 494 
(including lower slope and shallow-basin facies) of the SPB. The absence of 28,30-495 
bisnorhopane and isorenieratane (and its derivatives) in samples from basinal and outer ooid-496 
shoal facies, and low HHIs (and low TOC contents), all suggest that suboxic conditions 497 
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occurred on the basin-floor of the periodically refreshed eastern SPB (Fig. 9). This 498 
interpretation is confirmed by new data from basinal settings in the southern and western 499 
SPB, confirming that anoxia did not develop basin-wide (Fig. 9).  500 
The southern margin of the basin also appears to have been well oxygenated (well C, HHI 501 
= 0.08-0.09; no evidence of isorenieratene derivatives, Fig. 7). Schwark et al. (1998) reported 502 
higher HHIs (0.17-0.26) from slope facies of Sprötau Z1 and interpreted the accumulation of 503 
OM as favoured by reducing conditions. However, Sprötau Z1 was drilled in a small 504 
embayment/shallow basin (Fig. 1b) where more reducing conditions naturally would be 505 
expected. Therefore, we instead interpret these results as a local manifestation of anoxic 506 
conditions. Fluctuating oxic-euxinic-anoxic conditions also occurred in restricted lagoons of 507 
the southern margin (HHI = 0.03-0.4).  508 
Moreover, evidence for anoxic conditions in the western and central SPB (south-central 509 
lagoons, Slach, 1993; Hofmann and Leythaeuser, 1995) is lacking and it is suggested that 510 
deposition of OM in these portions of the SPB was essentially under oxic-suboxic marine 511 
conditions (as presented in the depositional models of the Ca2 shown in Figs 9,10). Our data 512 
also do not support anoxic conditions in the NPB. We suggest that anoxia did not occur in the 513 
less restricted NPB because water in the NPB and SPB came from Panthalassa Ocean via a 514 
relatively oxic Boreal Sea. As noted earlier, the occurrence of an essentially oxygenated 515 
upper portion of the Panthalassa water column and oxic Boreal Sea in the Late Permian is 516 
also suggested by GENIE simulations (Meyer et al., 2008). Of course, more reducing and 517 
even euxinic conditions likely existed in restricted lagoons dominated by production of 518 
microbialites under high salinity conditions (Słowakiewicz et al., 2015 and this study). Nor 519 
can we preclude the possibility of some deep anoxic water in lows on the deep basin floor in 520 
the centre of the SPB too.  521 
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Nonetheless, the collective evidence clearly indicates that anoxia was not persistent at the 522 
basin scale but was restricted to nearshore settings of the north-eastern SPB. It also shows the 523 
spatial variety of redox conditions in the SPB, from more oxic in the west to more anoxic in 524 
the east (Fig. 11). It has been argued that the Messinian and Pliocene-Pleistocene sapropel 525 
model of deposition (e.g. Emeis et al., 2000; Liu et al., 2012; Taylforth et al., 2014), is 526 
applicable to the epeiric NPB and SPB (Turner and Magaritz, 1986; Pancost et al., 2002; 527 
McCann et al., 2008; Peryt et al., 2010), whereby anoxic/euxinic conditions in a deep basin 528 
resulted from freshwater input into a relatively restricted basin which brought about a density 529 
stratification, and, if associated with increased nutrient inputs, stimulated productivity (Emeis 530 
et al., 2000). However, our results indicate that this model, as well as the Black Sea (Arthur 531 
and Sageman, 1994) and bath-tub ring (Frakes and Bolton, 1984; Wignall and Newton, 2001) 532 
models, are inappropriate for the NPB and SPB during the Ca2 interval. PZE, which is 533 
typically associated with a stratified water column (Kenig et al., 2004; Wagner et al., 2004), 534 
was largely restricted to the north-eastern SPB margin and did not extend into the wider basin 535 
(Fig. 11).  536 
It is generally accepted that in early Zechstein time the SPB was fed by open-ocean 537 
waters coming through the relatively narrow Norwegian-Greenland strait to the north (Taylor, 538 
1998; Legler and Schneider, 2008). However, other routes for Zechstein flooding of the SPB 539 
have been suggested, e.g., the flooding may have also occurred around or across the Pennines 540 
from the Irish (Bakevellia) Sea, via the Fair Isle and Moray Firth basins (Smith and Taylor, 541 
1992), or via a temporary connection to the SE with the Palaeo-Tethys Ocean (Peryt and 542 
Peryt, 1977, Ziegler et al., 1997; Şengör and Atayman, 2009, Fig. 1a).  543 
The possibility of at least a periodic SE connection also seems to be supported by the 544 
biomarker distribution from well Gomunice-10 (Fig. 7). The Gomunice section (Ca2 = 31.3 545 
m thick) is represented by mainly non-laminated dolomitic mudstone with bioclastic 546 
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wackestone in the lowermost part (marking the transgression of the Ca2 sea, Fig. 7). 547 
Isorenieratene and chlorobactene derivatives, gammacerane and BNH were not detected in 548 
any of the 12 samples from this well, suggesting a lack of elevated salinity as well as no 549 
euxinic or anoxic conditions. The HHI is rather low (0.08-0.19) in the whole section and 550 
slightly decreases from 0.13 to 0.08 up section (HHI is the highest [0.3] in the uppermost part, 551 
close to the contact with the overlying Basal Anhydrite [A2]), suggesting progressive oxygen 552 
enrichment in the water column (Fig. 7). The increasing up-section trend, however, is 553 
observed in the C27/C29 and C28/C29 sterane ratios, unlike in the SPB northeastern margin 554 
where they have a fluctuating pattern (Fig. 7). If the south-east connection with the Palaeo-555 
Tethys Ocean existed it could have prevented restricted marine conditions in this area as a 556 
result of seawater exchange and explain why biomarker indices for anoxia differ so markedly 557 
between these two areas. 558 
We also suggest that anoxia during the Ca2 cycle was driven by more local or regional 559 
processes, such as elevated productivity, sedimentation rate, grain size and anaerobic 560 
respiration. Key to this interpretation is the observation that even in the lower slope facies of 561 
the NE SPB, highly variable TOC contents (0-2.1%, average 0.7% on lower slope, 0-1.9%, 562 
average 1.3% in the shallow basin) (Słowakiewicz et al., 2013, and this study), isorenieratene 563 
derivative concentrations, and sterane ratios imply a very dynamic oxic-anoxic environment, 564 
with the cycles in biomarker distributions reported by Słowakiewicz et al. (2015) potentially 565 
being orbitally modulated. Moreover, isorenieratane often occurs in bioturbated sediments 566 
containing a benthic fauna, suggesting periodic alternation of euxinic and oxic-suboxic water-567 
column conditions, similar to that suggested for the Oxford Clay Formation in south-central 568 
England in which isorenieratane and a benthic fauna also co-occur (Kenig et al., 2004). 569 
Therefore, OM productivity and preservation could have been governed by the range of 570 
temporally dynamic processes mentioned above.   571 
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The combination of localised anoxia that is highly temporally variable is consistent with a 572 
model in which productivity variations are modulated by hydrological changes in nutrient 573 
discharge, as is increasingly invoked for Mesozoic OAEs (Blättler et al., 2011; Monteiro et 574 
al., 2012; Pogge von Strandmann et al., 2013). A productivity explanation is consistent with a 575 
green algal bloom origin for relatively high C29 sterane abundances in the north-eastern part 576 
of the SPB. It is also consistent with δ13C data from the carbonate sediments deposited in the 577 
NPB and SPB (Słowakiewicz et al., 2015 and Table 2) which suggest increased productivity 578 
through the Ca2 (Słowakiewicz et al., 2015). The essentially more ramp-like morphology of 579 
the northern platform slopes in the Polish sub-basin could also have fostered relatively higher 580 
primary productivity via enhanced nutrient transport from the platform interior, whereas in 581 
the case of the largely steep, high-angle southern margins OM mostly accumulated in the toe-582 
of-slope zones. Therefore, anoxia is not a basin-scale phenomenon as has been previously 583 
inferred but is a highly localised feature, perhaps facilitated by basin geometry, continental 584 
processes and/or regional oceanography, all contributing to high primary organic matter 585 
productivity.  586 
Collectively, our data challenge extrapolation of observations from marginal settings to 587 
characterize wider basin environmental conditions, especially when those observations are 588 
only directly recording local conditions, i.e. overlying water column redox state. Therefore, 589 
caution should be exercised in the extrapolation of evidence for PZE when it is 590 
geographically restricted. This is the case for many investigations of, for example, PZE at the 591 
Permian/Triassic boundary (e.g., Grice et al., 2005; Cao et al., 2009; Hays et al., 2012), the 592 
Frasnian/Fammenian boundary (Joachimski et al., 2001; Bond et al., 2004) and the 593 
Triassic/Jurassic boundary (Hesselbo et al., 2007; Williford et al., 2014). Those studies 594 
remain vital contributions to the understanding of those time intervals but they illustrate the 595 
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difficulty of reconstructing wide-scale oceanographic conditions when available deposits are 596 
limited to marginal settings. Instead, interpretation should be based on either datasets with a 597 
relatively wide geographic coverage or complemented by the use of alternative proxies that 598 
record more widespread basin-scale changes in seawater chemistry (e.g. Schobben et al., 599 
2015).  600 
Conclusions 601 
Biomarker, carbon and oxygen isotopic, and palaeontological data from the NPB and SPB, 602 
where the Ca2 was deposited in a shallow- to deep- marine setting, suggest that euxinia 603 
periodically impinged on the lower slope and in the shallow basin of the SPB northern 604 
margin. Redox-sensitive biomarkers such as bisnorhopane, chlorobactane and isorenieratane 605 
(and its derivatives) are present in samples from shallow-basin and lower slope facies in the 606 
north-eastern SPB; isorenieratene derivatives are localised in more restricted lagoons of the 607 
NE SPB and SE SPB. The absence of bisnorhopane and isorenieratene derivatives in other 608 
facies of the NPB and SPB, and with homohopane indices frequently below 0.1, suggest oxic 609 
to suboxic bottom waters. More specifically, the NPB with its connection to the Boreal Sea 610 
had a normal salinity oxic water column with normal salinity seawater input from the 611 
Panthalassa Ocean and the Boreal Sea. The western SPB was characterized by slightly 612 
elevated salinity, stratification and an oxic-suboxic water column with oxic seawater input 613 
from the Boreal Sea. The southern SPB was likely characterized by more reducing conditions 614 
developed in embayments with elevated salinity (restricted lagoons) and a stratified water 615 
column. In contrast to all of these, the north-eastern SPB was characterised by periodic PZE 616 
and anoxic depositional conditions. Crucially, the restriction of PZE to only the northern 617 
margin of the SPB argues against stratification of the Ca2 basin, wherein anoxia at other 618 
nearshore settings would be expected (i.e. the bath-tub ring model, Frakes and Bolton, 1984; 619 
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Wignall and Newton, 2001). Instead, reducing conditions in this area appear to be due to a 620 
combination of more localised phenomena, including slope topography and local climatic 621 
controls.   622 
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Fig. 1. (A) Palaeogeography of the northern Pangea in Late Permian time with Northern 1051 
(NPB) and Southern (SPB) Permian basins (after Blakey, 2015). (B) Palaeoenvironmental 1052 
map of the Ca2 in the Late Permian in Europe (after Słowakiewicz et al., 2015). Longitude 1053 
and latitude are present day values. Wells: 1 – Wapnica-3, 2 – Błotno-3; 3 – Wysoka 1054 
Kamieńska-8; 4 - Wysoka Kamieńska-2; 5 – Benice-1; 6 – Kamień Pomorski-Z2; 7 - Kamień 1055 
Pomorski-Z4; 8 – Jarkowo-2; 9 – Petrykozy-4K; 10 – Bielica-2; 11 – Czarne-2; 12 – Okonek-1056 
1; 13 - Lipka-1; 14 – Złotów-2; 15 – Piła IG-1; 16 – Gorzów Wielkopolski-2; 17 – Miłów-1; 1057 
18 – Florentyna IG-2; 19 – Gomunice-10; 20 – 20/2-2; 21 – Malton-1 and -4; 22 – Lockton-1058 
2a and -7; 23 – Bates Colliery B2 and B8; 24 – YP-11; 25 – Vane Tempest VT-11; 26 – 1059 
Offshore Borehole – 1, 27 – Egton High Moor 1; 28 – Sprötau Z1; 29 – Mellingen 1/70, 30 – 1060 
Jena 106/62; 31 – Strauβfurt 8/70; 32 – Dachwig 2/71; 33 – Dachwig 1/70; 34 – Eckartsberga 1061 
2/68; 35 – Eckartsberga 1/68; 36 – Aue 1; 37 – Sprötau 4/69; 38 – Tennstedt 1/69. 1062 
46 
 
 1063 
Fig. 2. Selected Ca2 microfacies types. A. Peritidal facies: fine to coarse dolomite with small 1064 
nodules composed of anhydrite after syn-sedimentary gypsum. Well: Offshore Borehole 1, 1065 
NE England, depth 591 ft (181 m). B. Lagoonal facies: thin-shelled bivalves in a micritic 1066 
sediment with calcispheres and foraminifera. Well: Miłów-1, SW Poland, depth 2030 m. C 1067 
and D. Shelf-margin facies: oolitic grain- pack- stone with oomoldic porosity and some early 1068 
47 
 
(vadose) compaction and large replacement anhydrite crystals. Well: Malton 4, NE England, 1069 
depth 4183 ft (1275 m). C – ppl; D – xp + tint. E. Lower slope facies: biolaminites and a thin 1070 
fine-grained turbidite. Early diagenetic anhydrite is present within the laminites. Flakes of 1071 
organic material occur within the upper part of the turbidite. Well VT-11, offshore Seaham, 1072 
NE England, depth 317 ft (97 m). F. Basin facies: fine-grained carbonate with some more 1073 
clay-organic-rich layers and a thin coarser lamina at the top (probably a very distal turbidite). 1074 
Well: Piła IG-1, NW Poland, depth 4161.1 m.  1075 
48 
 
 1076 
49 
 
Fig. 3. Selected Ca2 (Innes Carbonate Member, Kirkham Abbey Fm., Hauptdolomit, Main 1077 
Dolomite) wells from the Northern and Southern Permian basins. A1g, A1β – Upper 1078 
Anhydrite; Argyll Carbonate Member = Zechstein Limestone (Ca1); Hayton Anhydrite = 1079 
Werra Anhydrite (A1). T.A.Fm. – Turbot Anhydrite Formation; 1 – anhydrite. Carbonate 1080 
textures: 2 – mudstone, 3 – wackestone, 4 – packstone, 5 – grainstone, 6 – boundstone.  1081 
  1082 
  1083 
  1084 
Fig. 4. Foraminifera and calcispheres from Ca2 lower slope facies of the well B. 1085 
A) ?Earlandia sp., 2710.04 m; B) Nodosaria sp., 2707.93 m, C) Indeterminate foraminifera 1086 
A B 
C D 
E F 
50 
 
with terminal slit, 2707.93 m, D) Polarisella sp., 2707.93 m, E) Calcispheres, 2707.93 m, F) 1087 
Nodosaria sp., 2708.75 m. 1088 
 1089 
Fig. 5. Total ion current chromatogram of apolar fraction from the Ca2 stromatolites growing 1090 
within sulphates (anhydrite) in Offshore Borehole-1, depth 319.7 m (1049 ft). Note very high 1091 
abundance of pristane (Pr), phytane (Ph) (Pr/Ph = 0.35), and hopanes, which together with 1092 
the sedimentological evidence (presence of anhydrite) confirm evaporitic environment. NorPr 1093 
– norpristane; Ts – C27 18α-trisnorhopane; Tm – 17α-trisnorhopane; G – gammacerane. 1094 
Black dots are n-alkanes.  1095 
51 
 
 1096 
52 
 
Fig. 6. Biomarker parameters in the extractable organic matter obtained from the lagoonal-1097 
ooid shoal-slope-basin facies of the Southern Permian Basin (SPB) in Europe. Note 1098 
biomarker differences in NE (a) SE (b) and W (c) SPB. Explanations of biomarkers are given 1099 
in Table 1. 1100 
53 
 
 1101 
54 
 
Fig. 7. Selected biomarker data in the extractable organic matter of the Florentyna IG-2 basin 1102 
facies, Miłów-1 lagoonal/oolite shoal facies, and Gomunice-10 lower slope facies in E SPB. 1103 
Explanations of biomarkers are given in Table 1. MFS – maximum flooding surface.  1104 
 1105 
55 
 
Fig. 8. Lower slope (A) typical laminated (black) and fine-grained turbiditic beds (light grey) 1106 
in dolomudstone, well A, depth 2227.90 m; (C) and (D) laminated algal-microbial (dark 1107 
laminae) interbedded with grey micritic layers, dolomudstone: (C) well J, depth 1944.94 m, 1108 
(D) well I, depth 1974.5 m. Photomicrographs of macerals in UV light (pictures width is 0.28 1109 
mm): (B) liptinite (gold) in (A); and (E) lamalginite (gold) in (C), lagoonal facies.  1110 
 1111 
Fig. 9. General depositional models of the northeastern-central margin of the Southern 1112 
Permian Basin in Ca2 time during sea-level highstand. MSL - mean sea level, FWWB - fair-1113 
weather wave base, SWB - storm wave base. Depositional model not to scale. TOC contents 1114 
are maximum values.  1115 
56 
 
 1116 
Fig. 10. General depositional model of the western margin of the Southern Permian Basin in 1117 
Ca2 time during sea-level highstand. Depositional model not to scale. TOC contents are 1118 
maximum values.  1119 
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 1120 
Fig. 11. Summary of palaeoceanographical conditions in the Northern and Southern Permian 1121 
basins in Late Permian time. OM – organic matter. Colours as in Figure 1b.  1122 
 1123 
Table 1. Summary of biomarker abundances and ratio measurements for compounds discussed in the 1124 
text. nd – not determined. Biomarkers from Gorzów Wlkp-2, Lipka-1, Okonek-1, Złotów-2, and well 1125 
L were not used due to high degradation of organic matter or high organic matter maturity (VRo = 1.2-1126 
1.4%). Numerator gives range of values and denominator gives average values.  1127 
 1128 
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Well 
(samples) 
HHIa C27/C29
b C28/C29
c C23/H
d C24/H
e GIf C29
g C28
g C27
g 
west margin of the NPB 
20/2-2 (6) 
     
nd 
   
west margin of the SPB 
          
B2 (1) 0.09 0.56 0.24 0.78 0.22 0.07 55 14 31 
Egton High 
Moor-1 (3) 
0 
    
nd 
   
           
Lockton 2a (4) 0 
    
nd 
   
           
Lockton 7 (1) 0 1.65 1.1 1.28 0.98 nd 27 29 44 
           
Malton-4 (14) 
     
nd 
   
           
Offshore 
Borehole 1 (2)  
0.41 0.43 
  
0.24 54 23 33 
           
Vane Tempest 
VT-11 (2) 
0.28 0.44 0.74 0.08 0.02 0.35 46 34 20 
north margin of the SPB 
           
Benice-1 (8) 
     
nd 
   
           
Bielica-2 (7) 
     
nd 
   
           
Błotno-3 (8) 
         
          
Czarne-2 (8) 
         
          
Jarkowo-2 (7) 
     
nd 
   
           
KP-Z2 (7) 
     
nd 
   
           
KP-Z4 (12) 
     
nd 
   
          
Petrykozy-4K 
(7)      
nd 
   
          
Piła IG-1 (6) nd 
 
nd 
  
nd 
   
          
Wapnica-3 (8) 
         
          
WK-2 (12) 
         
          
WK-8 (24) 
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 1129 
Table 2. Bulk isotopic data for the lagoonal, slope and basin plain facies representing northern 1130 
margin of the Z2C sea are compiled (Słowakiewicz et al., 2015) and extended results. The upward-1131 
increasing δ13C trend in the WK-8, Czarne-2 and Gomunice-10 wells from the northeastern (NW 1132 
Poland) and southeastern (SE Poland) SPB suggests basin-wide increased productivity through the 1133 
Z2C in platform margin-slope locations; this contrasts with the δ13C record in the basin centre (Piła 1134 
IG-1) where no trend is observed. Extra positive values of δ13C, as at the base of Malton-4 (+8.0‰, 1135 
lagoonal facies, NE England), and also in the basal third Zechstein carbonate cycle (Z3C) in 20/02-2 1136 
(8.9‰, lagoonal facies, our unpublished data), both of which are closely associated with anhydrite, 1137 
A (11) 
   
nd nd nd 
   
          
B (5) 
  
0.44 nd nd nd 
   
south margin of the SPB 
          
Florentyna IG-2 
(8)      
nd 
   
          
Gomunice-10 
(13)      
nd 
   
          
Miłów-1 (19) 
     
nd 
   
          
C (4) 
   
nd nd 
    
          
D (1) 0.06 0.40 0.49 nd nd 1 53 26 21 
          
E (7) 
   
nd nd 
    
          
F (1) 0.07 0.78 0.46 nd nd 1.3 45 21 35 
          
G (2) 0.06 
  
nd nd 
    
          
H (7) 
   
nd nd 
    
          
I (7) 0.05 
  
nd nd 
    
          
J (7) 
   
nd nd 
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may relate to increased salinity and evaporation (Lazar and Erez, 1990; Hendry and Kalin, 1997; 1138 
Gąsiewicz, 2013), although in the case of Lockton-2a, they could reflect a burial diagenetic, even 1139 
hydrothermal origin. The δ18O data show variations in space and time, and these were partly the result 1140 
of changes in the δ18OSMOW composition of seawater as a result of fluctuations in evaporation-salinity 1141 
and freshwater input, resulting from the restricted nature of the basin, and the proximity to 1142 
connections to the more open oceans, Panthalassa to the northwest and Palaeo-Tethys to the southeast. 1143 
 1144 
Well Depth (m) Depositional system δ13C 
(‰ PDB) 
δ18O 
(‰ PDB) 
     
Czarne-2 3572 lower slope 6.78 3.95 
 3574  6.85 3.84 
 3579  6.94 1.8 
 3580  6.81 2.3 
 3581  6.42 3.55 
 3582  5.69 3.94 
Ettrick 20/2-2 3554 lagoon 4.27 -11.26 
 3554.8  5.59 -9.47 
 3555  1.23 -11.65 
 3556.7  5.24 -11.29 
 3559  5.64 -5.26 
Gomunice-10 2576.8 lower slope 6.6 0.81 
 2585.9  6.6 0.82 
 2588.1  6.79 0.92 
 2592.5  6.62 0.51 
 2602.5  5.9 1.57 
 2605.7  5.93 -0.38 
Lockton-2a 1915.7 upper slope 4.23 -13.95 
 1920.8  3.92 -9.02 
 1927  4.51 -3.35 
 1930.6  2.61 -2.15 
Malton-4 1253 lagoon 6.87 -0.92 
 1255  6.84 -1.76 
 1258.3  6.78 -2.32 
 1258.8  6.98 -1.37 
 1275  6.31 -2.19 
 1293  6.16 -1.85 
 1301  7.21 -1.54 
 1316.7  7.15 -2.75 
 1322.5  6.27 -1.36 
 1325.8  6.31 -1.82 
 1326.8  6.43 -1.99 
 1334  6.25 -1.95 
 1341.4  8.04 -0.55 
Piła IG-1 4155 basin plain 5.22 -0.94 
 4156  3.36 -1.05 
61 
 
 4158  4.74 -0.93 
 4159  5.2 -0.83 
 4160  4.91 -0.91 
WK-8 3079.4 lower slope 6.33 1.85 
 3085.4  6.44 2.50 
 3092.5  6.39 2.32 
 3097  6.22 2.26 
 3100.3  6.23 2.02 
 3109  5.71 2.48 
 3111.5  5.68 2.17 
 3113  6.18 1.23 
 3116  5.83 1.31 
 3122  4.48 1.07 
 1145 
 1146 
